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ABSTRACT 
The kinetics of sustained-load subcritical crack 
growth for an a-phase titanium alloy (Ti-5Al-2.5Sn alloy) 
in 3.5 percent NaCl solution were determined over a range 
of temperatures from 3 to 90°C.  Crack tip stress inten- 
sity factor (K) was used as a measure of the crack driv- 
ing force.  A well defined K-independent stage (Stage II) 
was identified in each test,jand the rate was controlled 
by a thermally activated process having an apparent acti- 
vation energy of 20 ± 5 kJ/mol.  The effect of chloride 
ion concentrations on the crack growth kinetics at room 
temperature was also studied, and Stage II crack growth 
rates were found to be proportional, to [Cl ] , where m = 
0.20 ± 0.06.  Based on the observed value of activation 
energy, it appears that neither hydrogen diffusion 
through a-phase titanium nor hydride formation on the 
fresh surface of the crack tip is the rate limiting pro- 
cess for Stage II crack growth.  Instead, it is suggested 
that the viscosity of the solution which governs the mass 
transport rate of some embrittling species plays a defi- 
nite role in controlling Stage II crack growth rate. 
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I.  INTRODUCTION 
Titanium and its alloys are normally immune to 
corrosion in neutral aqueous chloride solutions.  They 
had in fact been considered to be almost ideal for marine 
applications until Brown et al. [1] demonstrated a sur- 
prising test result on the stress corrosion cracking be- 
havior of a Ti-7Al-2Nb-lTa alloy in 1964.  By testing 
notched and precracked specimens in sea water, they show- 
ed a considerable degradation of fracture properties. 
Since then, a wide range of research has been done on 
stress corrosion cracking behavior of titanium and its 
alloys in various environments. 
One of the approaches is the fracture mechanics 
approach [2] [3] in which the crack growth rate ^r is 
measured as a function of the stress intensity factor K 
which has been introduced to characterize the mechanical 
crack driving force.  Associated with the stress inten- 
sity factor, three definite stages of crack propagation 
are generally recognized as illustrated in Fig. la.  It 
is worth noting that Stage I and Stage III are strongly 
K-dependent, while Stage II is essentially independent of 
K.  However, it has been shown that titanium alloys hav- 
ing a-phase or (a + B)-phase microstructures may exhibit 
very steep Stage I and Stage III crack growth response in 
neutral aqueous solutions, such that these stages of 
crack growth cannot be readily observed experimentally. 
In addition, there appears to be a transition stage be- 
tween Stage I and Stage II growth which has been desig- 
nated as Stage Ila.  Fig. lb shows some typical test re- 
sults in these systems. 
Because Stage II crack growth is essentially inde- 
pendent of the mechanical driving force, studies of crack 
growth response for this stage is expected to provide in- 
sight into the mechanism of crack growth that would be of 
theoretical and practical importance.  Stage II crack 
growth rate has been observed to be strongly dependent 
on temperature [4].  The relationship between the Stage 
II rate and temperature often follows the well-known 
Arrhenius type equation 15].  In other words, the plot of 
log -rr vs. — reveals a straight line relationship, which 
suggests that only one process controls crack propagation 
in Stage II.  Otherwise, the plots would be nonlinear. 
This is not surprising because SCC phenomena apparently 
involve some kind of chemical reaction in the process. 
From the magnitude of the slope of the straight line, it 
is possible to determine the apparent activation energy 
for Stage II crack growth.  The value of activation en- 
ergy may then be compared with activation energy data 
from relevant processes so that the specific process re- 
sponsible for controlling the Stage II crack growth rate 
may be identified.  The primary purpose of the present 
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work is, therefore, to determine activation energy for 
Stage II crack growth for a specific titanium alloy and 
thereby to gain additional insight in the mechanism of 
crack growth in this stage. 
A number of possible rate controlling processes for 
Stage II crack growth have been suggested, but none of 
them has been fully accepted yet.  Williams and Nelson [6] 
observed an activation "energy of 21 kJ/mol for crack 
growth in hydrogen in a Ti-5Al-2.5Sn alloy that had been 
heat-treated to have a (3-phase matrix.  Because the acti- 
vation energy for hydrogen diffusion in 3-titanium is known 
to be between 21.3 to 27.6 kJ/mol [7] [8],  Williams and 
Nelson proposed that the rate controlling process for 
Stage II crack growth be identified with that for hydro- 
gen transport through (3-phase.  Based on this and other 
similarities between gaseous hydrogen embrittlement and 
aqueous stress corrosion cracking of titanium alloys, 
Nelson [9] further suggested that hydrogen diffusion 
should be responsible also for controlling the rate of 
Stage II crack growth in the case of stress corrosion 
cracking in aqueous environments.  This mechanism, how- 
ever, cannot account for the SCC behavior of titanium al- 
loys having a-phase matrix, for the activation energy of 
hydrogen diffusion in a-titanium is known to be about 52 
kJ/mol [10].  For this case, Nelson has suggested another 
mechanism, namely, the nucleation and growth of hydride 
- 3 - 
on the surface at the crack tip.  It may be noted that 
hydrogen is considered to be the embrittling species in 
both cases. 
Contrary to hydrogen diffusion and hydrogen embrit- 
tlement based mechanisms, models involving ionic trans- 
port and anodic dissolution have been proposed.  Beck and 
Grens [HJ proposed an electrochemical mass-transport- 
kinetic (MTK) model in which the chloride ion plays a 
major role to cause clevage-like cracking by continuous 
anodic dissolution.  In the MTK model, the apparent acti- 
vation energy for Stage II crack growth is attributed to 
the energy required to transport Cl"ions to the crack tip 
. 3+ 
and Ti   ions away from the crack tip.  Ionic mass trans- 
port is in turn governed by the viscosity of the solution 
whose activation energy is known to be about 18 kJ/mol 
around room temperature. 
Smith 112] proposed another interesting model which 
he called a capillary model.  The capillary model is based 
on the assumption that the crack tip zone is not complete- 
ly filled with the solution, and that the solution must 
penetrate to within some critical distance of the crack 
tip to make it possible for some embrittling species in 
the solution to surface-diffuse to the crack tip ahead of 
the solution.  On these assumptions, he derived an ex- 
pression which predicts that the Stage II cradk growth 
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rate is inversely proportional to the viscosity of the 
solution. 
In summary, it may be noted that the proposition of 
Nelson requires different activation energies for alloys 
having different phase distributions.  On the other hand, 
the other models predict that the activation energy for 
Stage II crack growth must be the same for any titanium 
alloy regardless of the phase distribution in the micro- 
structure.  In order to identify the probable rate con- 
trolling process for Stage II crack growth, therefore, it 
will be helpful to determine activation energy for an 
alloy with a clearly defined microstructure.  Unfortu- 
nately, however, the experimental results so far report- 
ed £13][14]I15J have not been specific in this regard. 
In each of these studies, a Ti-8Al-lMo-lV alloy was used. 
This alloy is normally a near a-phase alloy.  For the heat 
treatments used in the various studies, a continuous B- 
phase may or may not have been present.  Yet all of the 
reported values of activation energy for crack growth 
fell around 20 kJ/mol.  As such, the results cannot be 
used to clearly establish the rate controlling process. 
Ti-5Al-2.5Sn alloy, therefore, has been selected for 
this study.  This alloy normally has an a-phase micro- 
structure and can be readily.heat-treated to preclude a 
continuous B-phase.  The kinetics and activation energy 
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for Stage II crack growth were determined.  In addition, 
the effect of chloride ion concentration on Stage II crack 
growth was also studied.  The information is used to aid 
in identifying the probable rate controlling process in 
Stage II crack growth. 
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II.  MATERIAL AND EXPERIMENTAL WORK 
The material used for this study was Ti-5Al-2.5Sn 
alloy obtained through the courtesy of the Air Force Ma- 
terials Laboratory.  It was received as an 2.54 cm thick 
plate in the mill annealed condition.  To ensure an all 
a-phase structure, it was re-heat treated by annealing 
in vacuum at 626 K (1650°F) for 1 hour and air-cooled. 
The final microstructure is given in Fig. 2 which shows 
relatively equixed a-phase.  Auxiliary X-ray diffraction 
test revealed no trace of B-phase.  The chemical composi- 
tion and mechanical properties of the material are given 
in Table 1. 
The texture of the material showed a definite pre- 
ferred orientation (see Fig. 3) with an ideal texture of 
(0001)[1010].  The basal planes are essentially parallel 
to the rolling direction, and normal to the rolling plane. 
Considering this fact, specimens were prepared so as to 
take T-L direction; that is, with the normal to the crack 
plane perpendicular to the width direction and the crack 
growth direction parallel to the rolling direction. 
Modified wedge-opening-load (WOL) specimens were 
used [16] as shown in Fig. 4.  After precracking each 
specimen by fatigue, the specimen was immersed in a NaCl 
solution of prescribed concentration and brought to tem- 
perature for the sustained-load crack growth.  Both 
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fatigue precracking and sustained crack growth test were 
done in a closed-loop electrohydraulic machine operated 
in load control.  The load was increased step by step un- 
til the onset of the subcritical crack growth.  Once sub- 
critical growth was noted, the load was set at that point 
and maintained constant throughout the remaining test. 
Load fluctuation was less than ± 1 pet during the sustain- 
ed load test. j 
The solution was prepared by dissolving NaCl in de- 
ionized distilled water.  The solution was purged with 
nitrogen for at least 24 hours to expel the dissolved ox- 
ygen before the start of each test.  Nitrogen flow, how- 
ever, was stopped just before starting the test to avoid 
any agitation effect, and the test was carried out in a 
quiescent solution. 
A dc electric potential system was used to monitor 
crack growth [17][18][19].  To obtain a relationship be- 
tween the potential and the correspondent crack length, 
calibration experiments were performed. A series of ref- 
erence marks were made on each polished specimen along 
the expected crack propagation direction.  Then the crack 
was introduced and extended by fatigue. When the crack 
front reached an appropriate point, the test was stopped 
to photograph the crack tip position and to record the po- 
tential at that point. This procedure was repeated until 
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the stress intensity approached K  .  Then the specimen 
was fractured by an overload.  Crack lengths were deter- 
mined from the photographs.  However, since the crack 
lengths thus obtained represented only those at the sur- 
face of the specimens, appropriate corrections were made 
to account for crack tunneling.  The resultant data are 
presented in Fig. 5.  The use of a normalized potential 
eliminates the effects of minor difference in electrical 
resistance between specimens.  Using the least square 
method, a second order equation was obtained. 
a =  1.524  +  4.323  V*   -  1.024  V*2 (1) 
where   a = crack length, cm 
V* = normalized electric potential, (V-V )/V 
r  r 
V = potential corresponding to crack length a 
V = reference electric potential corresponding 
to the starter notch length of 1.524 cm. 
The crack growth rate was determined from the slope of 
the potential-time chart (dV/dt) by the following•equa- 
tion : 
ft= It- 1= (4-323-2.048 V) ^-f|      (2) 
The calculated crack length, however, was significantly 
underestimated by the existence of physical, and there- 
fore electrical, contact across crack surfaces near the 
crack tip.  This shorting effect was corrected by using 
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the semi-empirical correction procedure derived by Landes 
and Wei [20] and Gangloff [19].  The corrected value show- 
ed good agreement with the visually measured crack lengths 
with the error range of ± 3 pet.  Uncertainty in crack 
growth rate was estimated to be ± 15 pet.  The stress in- 
tensity was calculated by the following equation which is 
accurate to ± 1 pet for 0.3 < a/W < 0.75 [16]. 
*x-W*4> (3) 
Y(|) = 30.96 - 195.8 (|) + 730.6 (|)2 
- 1186.3 (|)3 + 754.6 (|)4 
where       KT = Mode I stress intensity 
P = applied load 
B = specimen thickness 
W = crack width 
Y(^) = geometrical factor 
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III.  RESULTS 
The temperature dependence of the Stage Ilcrack 
growth rate was determined in 3.5 w/o. NaCl solution.  The 
plots of log da/dt vs. K essentially followed the pattern 
shown in Fig. lb.  However, since the so-called Stage Ila 
exhibited too much scatter to be treated meaningfully/ 
Stage Ila was eliminated from further consideration.  The 
onset of the subcritical growth was generally observed 
around a stress intensity factor of 27 MPa*^.  Unlike 
Stage Ila, the data points of Stage II showed comparatively 
little scatter as shown in Fig. 6 (Stage Ila is not shown 
in Fig. 6).  To determine the activation energy for Stage 
II crack growth, growth rates were plotted against the 
reciprocal of the absolute temperature in Fig. 7.  Except 
for the one point at 90°C, the other points followed an 
Arrhenius type relationship.  The activation energy cal- 
culated from the value of the slope of the linear regres- 
sion line was found to be 20 ± 5 kJ/mol at the 95 pet 
confidence level.  This value is in good agreement with 
the values obtained by other investigators [13] [14][15]. 
The point at 90°C was not included in calculating the ac- 
tivation energy.  The deviation from the straight line 
relationship at high temperature seems to be related with 
the variation in viscosity of the solution which is to 
be discussed later. 
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The tests to determine the concentration dependence 
were all carried out at room temperature.  The Stage II 
crack A'growth rate gradually increased with increasing 
chloride ion concentration.  Figure 8 shows the Stage II 
crack growth rates plotted against K.  For the sake of 
clarity, only the results obtained at the lowest and the 
highest concentrations are shown.  It may be seen from 
Fig. 8 that a significantly greater scatter of the growth 
rates occurred at the lower concentrations.  Besides the 
scattering, an incubation time of 1 to 3 minutes appear- 
ed to exist at the lower concentrations.  Although the 
value of K_   could not be determined because of the Iscc 
large scattering in crack growth rates during Stage Ila, 
it was apparent that the onset of subcritical growth was 
shifted to higher K levels as the chloride ion concentra- 
tion decreased. The relationship between Stage II crack 
growth rate and the chloride ion concentration obtained in 
the present work is as follows: 
§|= k[Cl~]°-20 * °-06 (4) 
where        da   _ stage X1  growth rates in m/s, 
IC1 J = Chloride ion concentration, 
k    = 5.3 x 10~5 for IC1~] in wt. pet 
7.5 x 10   for IC1 ] in molality. 
- 12 - 
Confidence level on the exponent in Eq. (4) is at the 95 
pet level (Fig. 9). 
Macroscopic observation showed no evidence of severe 
crack branching.  Typical SEM fractomicrographs taken 
from the specimens at different temperatures, chloride ion 
concentrations, and stress, intensity levels are shown in 
Fig. 11 to Fig. 13.  The variation in environmental con- 
ditions and in the magnitude of K-level does not appear to 
influence the fracture morphology of the present material 
significantly.  However, all of them show cleavage-like 
fracture surfaces typical to SCC of titanium alloys. 
Fracture morphology of specimens fractured by fatigue and 
overload respectively, in air at room temperature are 
shown in Figs. 10a and 10b for comparison. 
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IV.  DISCUSSION 
IV-1.  Temperature and Concentration Dependence of 
Stage II Growth Rate. 
As mentioned previously, no attempt has been made to 
analyze Stage Ila data, and the discussion will be re- 
stricted to the Stage II crack growth behavior.  The pos- 
sible rate controlling processes for Stage II crack 
growth in titanium alloys exposed to aqueous chloride en- 
vironment may be summarized as follows: 
1. Hydrogen diffusion controlled 
+ 
a. Surface reaction, Ti + 2H20 ■*■ Ti02 + 4H + 4e 
+ b. Cathodxc reaction, H + e •*■  H 
c. Hydrogen diffusion into embrittling site. 
2. Hydride formation controlled 
+ 
a. Surface reaction, Ti + 2H.0 -*• Ti02 + 4H + 4e 
b. Cathodic reaction, H + e -*• H 
c. Nucleation and growth of hydride film on the 
surface. 
3. Surface reaction controlled 
a. Surface reaction, Ti + 2H20 •*■  Ti02 + 4H + 4e 
4. 
b. Cathodic reaction, H + e -»• H 
c. Either 1 c or 2 c. 
4. Ionic mass transport controlled 
—      3+ (1)  Mass transport of Cl and Ti  ions. 
a. Anodic dissolution at the crack tip giving 
Ti-3+ ion 
_ 3+ 
b. Transport of Cl ion to the tip and Ti  ion 
from the tip 
- 14 - 
c. Tip zone is saturated with TiCl3 which re- 
sults in precipitation of TiCl., film on the 
surface. 
d. TiClo film passivates surface preventing 
crack blunting. 
+ (2)  Mass transport of H ion 
a. Surface reaction, Ti + 2H-0 -»■ TiO_ + 4H+ + 4e 
b. Transport of H ion to the tip for cathodic 
reaction 
c. Cathodic reaction 
d. Either 1 c or 2 c. 
5.  Capillary model:  viscosity controlled 
The activation energy of 20 ± 5 kJ/mol (at the 95% 
confidence level) obtained in the present study enables 
us to infer some significant features of Stage II crack 
growth.  First, for the case of a-matrix titanium alloy, 
hydrogen diffusion through the lattice (Case 1) can be 
eliminated as the rate controlling process, because the 
difference in activation energies is too great (20 kJ/mol 
vs. 50 kJ/mol), unless the reported activation energy for 
hydrogen diffusion in a-titanium is considerably overesti- 
mated [10].  Second, since the nucleation of strain in- 
duced hydride is very fast, its activation energy should 
be negligible as Boyd [22] observed.  Hydride film growth 
through diffusion of hydrogen then should be the rate 
controlling process for Case 2.  For Case 2 to hold, how- 
ever, the activation energy of hydrogen diffusion in the 
strain-induced hydride needs to be about 20 kJ/mol, which 
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is yet to be verified.  Furthermore, this film growth 
argument means that there should be a hydride film of 
some considerable thickness on the fracture surface.  But 
no one has yet been able to observe such hydride films on 
fracture surfaces of specimens tested in aqueous solution. 
This fact makes hydride formation (Case 2) as a rate con- 
trolling process doubtful.  Third, although the activa- 
tion energy for surface reaction is not known yet, stud- 
ies of the surface reactions of water vapor with this 
Ti-5Al-2.5Sn alloy, using Auger electron spectroscopy, 
indicate that the reactions are extremely rapid and are 
limited [23].  Therefore, surface reactions (Case 1) are 
not likely to be the rate controlling process for crack 
growth though they may limit the extent of crack growth 
enhancement.  Finally, since the activation energy for 
viscosity is about 18 kJ/mol as mentioned earlier, both 
the ionic mass transport models (Case 4(1) and 4(2)) and 
the capillary model (Case 5) can account for the observed 
activation energy of 20 kJ/mol for Stage II crack growth. 
Therefore, one must consider other factors besides acti- 
vation energy to establish which is the most likely model 
among them. 
Before proceeding further, some relationships be- 
tween the Stage II crack growth rate and viscosity of the 
solution will be discussed.  If viscosity is the rate 
controlling factor for Stage II crack growth, the growth 
- 16 - 
rate must be inversely proportional to the viscosity 
of the solution.  Beck et al. [24], however, showed that 
Stage II crack growth rate was inversely proportional to 
the square root of viscosity for a Ti-8Al-lMo-lV alloy in 
1M HCl-wat'er-gylcerine.  Contrary to this result, Smyrl 
and Blackburn [15] later found the following relationship 
between viscosity and the rate of crack growth for a 
Ti-8Al-lMo-lV alloy in aqueous halide solution. 
H - rT1*14 (5) 
where n is the viscosity of the solution.  Considering 
errors involved in determining the exponent, this re- 
lationship can be considered as confirmation for the in- 
verse proportionality between crack growth rate and vis- 
cosity (that is, da/dt «■ n~^)■  Indeed, the -1/2 power 
relationship reported by Back et al. may be considered 
inappropriate for the present case, because the solution 
used by these investigators contained glycerine.  Being 
an alcohol, glycerine might have, in conjunction with 
viscosity, affected the crack growth rate. 
To further examine influence of viscosity, Stage II 
crack growth rate in 3.5 w/b NaCl solution obtained in 
the present study are compared with the published viscos- 
ity data for NaCl solution [25] .  A plot of these data is 
shown in Pig. 14, and the equation for the least square 
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line through the data is given by 
^ |a . n-(1.2 * 0.4) (6) 
This finding is in very good agreement with that of Smyrl 
and Blackburn.  Figure 15 is another presentation of the 
same result.  Comparison of the two curves suggests that 
the deviation in Stage II growth rate from the straight 
line (Arrhenius type) behavior at 90°C might be associ- 
ated with the decrease in activation energy of viscosity 
at the higher temperatures.  Thus, it is very likely that 
the Stage II crack growht rate is controlled by the vis- 
cosity of the solution.  As stated previously, however, 
the ionic mass transport models (Case 4(1), 4(2)) and the 
capillary model (Case 5), all predict that viscosity of 
the solution will control the Stage II crack growth rate. 
To establish which is the most likely mechanism for Stage 
II crack growth, therefore, one must consider other cri- 
teria than activation energy.  The effect of chloride ion 
concentration on the Stage II crack growth rate may serve 
as one of such criteria.  Both the MTK model (Case 4(1)) 
and the capillary model (Case 5) appear to be able to 
account for the effect of chloride ion concentration at 
least qualitatively, while the hydrogen ion transport 
model (Case 4(2)) does not.  Assuming the mass transport 
of Cl~ ion into the crack tip as the rate controlling 
process (MTK model), it may be expected that the Stage II 
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crack growth rate will be proportional to the bulk con- 
centration.  However, Stage II rate has been shown to be 
proportional to the 0.2 power of the concentration.  This 
discrepancy may be explained in part by the increase in 
viscosity with concentration/ which would undermine the 
effect of concentration, and in part by the regeneration 
of Cl~ ion from the monolayer zone of titanium trichlo- 
ride (TiCl.), which could be replaced by titanium oxide 
as the crack grows.  The latter event would certainly 
diminish the effect of the bulk concentration.  The forma- 
tion of TiCl_ film at the crack tip zone has been recent- 
ly proposed by Beck [26] in modifying the MTK model.  If 
this is so, the incubation time observed at the lower 
concentrations may be due to the longer time required to 
saturate the solution in the tip region.  If one consid- 
ers hydrogen ion transport (Case 4(2)) to be the rate 
controlling process, on the other hand, it would be dif- 
ficult to account for the very existence of Cl  ion con- 
centration dependence.  Neither is it clear how Cl  ion 
might help hydrides to form.  Therefore, Case 4(1) is 
preferred over Case 4(2) in this regard. 
The capillary mode accounts for the effect of chloride 
ion from a totally different point of view.  Since the 
model is based on the assumption that some embrittling 
species surface-diffuse from the liquid meniscus to the 
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crack tip, it may be said that the lower contact angles 
between the crack surface and the liquid should enhance 
the crack growth rate.  Therefore, if chloride ion reduce 
the contact angle, the observed chloride ion concentration 
dependence of the Stage II crack growth rate may be ex- 
plained.  However, this argument has riot been verified and 
must await experimental confirmation.  Besides the chloride 
ion concentration, the applied potential has been also 
known to affect Stage II crack growth rate in neutral 
aqueous chloride solutions.  For instance, at potentials 
more negative than -1000 mV, considerable retardation of 
crack growth rate occurs, which is called cathodic pro- 
tection 113] £15] .. Anodic protection has been also ob- 
served at highly positive potentials 113]127].  For 
systems involving reduction of hydrogen, an increase in 
negative potential in the crack tip zone will increase the 
net consumption of hydrogen ion, resulting in the increased 
formation of hydrogen gas.  According to the capillary 
model, this trapped gas forces the liquid meniscus further 
from the crack tip, thereby increasing the distance an em- 
brittling species must travel and reducing the crack 
growth rate.  Butthis seemingly plausible explanation for 
cathodic protection, unfortunately does contradict itself. 
Granting that there exists a cavity at the crack tip, one 
has difficulty to identify the embrittling species which 
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will surface-diffuse to the crack tip; hydrogen having 
been excluded as an embrittling species by this model in 
the process of explaining cathodic protection. Chloride 
ion is supposed to only reduce the contact angle thereby 
enhancing the crack growth rate, but is not supposed to be 
the embrittling species itself that must surface-diffuse 
to the crack tip. 
On the" other hand, though the MTK model (Case 4(1)) 
does not explicitly account for cathodic protection, 
neither is the model contradictory to the phenomenon.  A 
very negative potential will cause a net consumption of 
hydrogen ion which will in turn result in the formation of 
a alkaline solution in the crack.  Cathodic protection may 
be explained by the passivation of the crack surface due 
to the formation of alkaline solution in the crack. 
In general, the MTK model appears to provide better 
explanations for the observed effects of environmental 
variables than any other models.  However, it must be 
noted that though the MTK model may serve as a good work- 
ing model, it is still far from satisfactory.  For in- 
stance, it shares difficulty with the other models in ex- 
plaining the existence of anodic protection as well as the 
uniqueness of halide ions in enhancing SCC behavior for 
titanium alloys.  The model cannot account for the differ- 
ence in absolute crack growth rates for the different 
- 21 - 
alloys which show essentially the same apparent activa- 
tion energy for Stage II crack growth.  Also, the activa- 
tion energy for Stage II for a clearly defined 3-matrix 
titanium alloy has to be determined to establish the in- 
dependence of activation energy from the microstructure 
of titanium alloys tested. 
IV.2.  Fractography 
The fracture surface morphology did not show any 
significant effects of environmental variables and stress 
intensity levels as stated previously.  Nor did it show 
4- 
any evidence of continuous anodic dissolution implied by 
the MTK model.  Rather, it did show very irregular and 
discontinuous combination of brittle cleavage fracture 
and ductile rupture.  Figure 11 to Fig. 13 exhibit the 
typical fracture morphology in the present system.  To- 
gether with the cleavage area, there are many shoe-like 
features.  As shown in Fig. 12b and Fig. 13b, this fea- 
ture is definitely related with the so-called river 
patterns.  Aitchison and Cox [28], who observed similar 
river markings during a study of SCC and liquid metal 
embrittlement of zirconium alloys, have found that they 
are not the results of brittle fracture but are those 
that result from internal necking by slip.  The tunnels 
shown in Fig. lib indicate clearly that they were in- 
deed caused by internal necking.  As Aitchison and Cox 
- 22 - 
have pointed out, some grains are not favorably oriented 
so as to permit cleavage to occur; cleavage being promi- 
nent only on planes near to basal plane.  This fact may 
account for the ductile fracture behavior in those grains. 
Further support for the above argument is provided by the 
observation that the shoe-like features are almost always 
at high angles to the cleavage planes. 
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V.  SUMMARY 
The kinetics of Stage II subcritical crack growth 
for a-phase Ti-5Al-2.5Sn alloy in neutral aqueous NaCl 
solution has been studied to determine the probable rate 
controlling process in that stage.  The Stage II crack 
growth rate varied from (3.02 ± 0.10) x 10"" m/s at 276° 
K to (1.59 ± 0.11) x 10~4 m/s at 363°K in 3.5 w/o NaCl 
solution at the 95 pet confidence level.  The apparent 
activation energy for Stage II crack growth was found to 
be 20 ± 5 kJ/mol at the 95 pet confidence level.  The ef- 
fect of chloride ion concentration on the Stage II crack 
growth rate was small as compared with that of tempera- 
ture.  The crack growth rate for Stage II varied from 
(1.42 ± 0.15) x 10~5 m/s in 0.0035 w/o NaCl solution to 
—5 (8.71 ± 0.51) x 10  m/s in 15 w/o NaCl solution at room 
temperature at the 95 pet confidence level.  The Stage II 
crack growth rate was found to be proportional to the 0.2 
power of chloride ion concentration, the significance of 
which has yet to be resolved.  Considering all the possi- 
bilities, it is suggested that the Stage II crack growth 
rate is determined by the viscosity of the solution. 
- 24 - 
Table 1 
Chemical Composition (w/o) 
 Mo  
0.019   0.024   0.034   0.083  Balance 
Al Sn Fe V o
5.37 
C 
2.50 
N 
0.23 
0 
0.021 
H 
0.007 
Ti 
f 
Mechanical Properties 
Tensile    Yield   Elongation        KIc 
Strength Strength  in 2 in.  
MPa(ksi)    MPa(ksi) % MPa1^(ksi/nr.) 
917(133)    876(127)     15 68(62) 
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Fig. 1. Schemata of the functional relationships be- 
tween stress intensity factor (K) and sub- 
critical crack growth rate (da/dt) for (a) gen- 
eral SCC and (b) SCC in a- or (a+$)-titanium 
alloys tested in aqueous solutions. 
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Rolling Direction 
Fig. 2. Three dimensional presentation of optical mic- 
rostructure of Ti-5Al-2.5Sn alloy. 
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(a) 
(b) 
Fig. 10. Fracture surface morphologies of the specimens 
fractured by (a) fatigue and (b) overload. 
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/ 
(a) 
(b) 
Fig. 11. Fracture surface morphologies of the specimens 
tested at different temperatures; (a) 23°C, 
3.5w/oNaCl, K=66MPa/m and (b) 90°C, 3.5w/o NaCl, 
K=60MPa/m. 
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(a) 
(b) 
Fig. 12. Fracture surface morphologies of the specimens 
tested at different chloric ion concentrations; 
(a) 0.02w/oNaCl, 23°C/ K=55MPa/m and (b) lO.Ow/o 
NaCl, 23°C, K=55MPa/m. 
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^ 
'A      ^ Mm 
(a) 
(b) 
Fig. 13. Fracture surface morphologies of the specimens 
tested at different stress intensity levels; (a) 
K=30MPa/m, 3.5w/oNaCl,23°C and (b) K=50MPa»/m, 
3.5w/oNaCl, 23°C. 
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